ABSTRACT A two-site monoclonal antibody-enzyme immunoassay (MEIA) for carcinoembryonic antigen (CEA) was developed that uses two monoclonal anti-CEA antibodies, which recognize two different epitopes in the peptide moiety of CEA. The assay was sensitive to 0.5 pug/liter and had a measuring range of 0.5-200 pig of CEA per liter. It was highly specific inasmuch as none of three known CEA-related substances, "nonspecific crossreacting antigens 1 and 2" (NCA-1 and NCA-2) and biliary glycoprotein I (BGP I), reacted in the assay. NCA 
Although existing carcinoembryonic antigen (CEA) assays can be used successfully for monitoring treatment of cancer and as an independent prognostic tool, they have limited value as an independent test to establish the diagnosis of cancer (1) . An important goal in current research on CEA is therefore to improve the cancer specificity of the test. If tumor CEA is chemically different from the molecules responsible for CEA activity in the blood of healthy individuals and patients with various nonmalignant diseases, it should be possible to make monoclonal antibodies against such "discriminating areas" in CEA. Such antibodies may then be used to construct CEA assays with higher disease-related specificity.
Three CEA-crossreactive normal tissue components have been identified so far. One of these, nonspecific crossreacting antigen 2 (NCA-2), present in relatively high concentrations in meconium (2, 3) , is very closely related to tumor CEA. In fact, most conventional anti-CEA sera do not discriminate between these two macromolecules. We have recently produced a series of monoclonal antibodies against CEA, several of which were of high affinity and directed against different conformation-dependent epitopes of the CEA molecule (4) .
In this communication we report the-development of a twosite monoclonal antibody-enzyme immunoassay (MEIA) for CEA that shows an increased disease-related specificity for carcinomas compared to a conventional radioimmunoassay (RIA).
MATERIALS AND METHODS
Monoclonal Antibodies (MAbs). Four anti-CEA MAbs-9, 27, 3851, and 46 (4)-were used in the study. They were all of the IgG1 K subclass and recognized three different epitopes in the peptide moiety of the CEA molecule; epitope A, MAb 9; epitope C, MAb 27; epitope D, MAb 38S1 and MAb 46 (4) . Both epitope C and epitope D are present at least twice in the CEA molecule, whereas epitope A appears to be present only once (4) . The affinity constants for the interaction between CEA and MAbs 9, 27, and 38S1 were 7.4 X 108, 3.3 X 108, and 1.2 X 108 M-1, respectively (4). The value for MAb 46 has not been determined. None of the antibodies reacted with NCA or biliary glycoprotein I (BGP I) (4) .
Highly purified MAb was obtained by passage of ascitic fluid over an immunoadsorbent column consisting of CEA conjugated to cyanogen bromide-activated Sepharose 4B (Pharmacia, Uppsala, Sweden). Antibodies were eluted with 6 M guanidine HCl.
CEA and Related Materials. CEA, low molecular weight CEA (CEA10,), and NCA (5, 6) were purified from individual liver metastases of colorectal cancer as described (7, 8, 9) . The antigens were homogeneous on gel filtration and gave a single relatively broad band on sodium dodecyl sulfate/polyacrylamide gel electrophoresis (7, 8, 9) . Highly purified BGP I was prepared from hepatic bile of nonicteric patients as described (10) . NCA-2 was purified from pooled meconium (77 g wet weight) of nine infants essentially as described by Matsuoka et al. (3) . Briefly, meconium extract was precipitated with 1.0 M perchloric acid and the acid-soluble fraction was applied to a calf anti-CEA immunoadsorbent. After washing, semipurified NCA-2 was eluted from the adsorbent with 0.1 M glycine'HCl, pH 2.3. The eluate was then fractionated on a Sepharose 6B column. Most of the CEA-like activity was recovered in two peaks. The elution volume of the material in the first peak was similar to that of CEA. It did not react with specific anti-NCA serum and must therefore be NCA-2 as defined by Matsuoka et al. (3) . The material in the second peak reacted with specific NCA serum. Purified NCA-2 was also obtained from P. Burtin The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Proc. Natd Acad. Sci. USA 80 (1983) 3471 sample), normal adult colon (1 sample, 5 cm from tumor), normal adult spleen (pool of 20 spleens), normal adult lung (pool of 3 lungs), normal adult liver, muscle, bile, and feces (1 sample each), and meconium (pool from 9 individuals). The material was dialyzed and lyophilized. Saline extracts from normal human spleen, liver, and muscle were also prepared.
Patients' Sera. Serum samples from 180 men and nonpregnant women were studied: 40 sera from healthy individuals (20 smokers and 20 nonsmokers), 45 sera from patients with nonmalignant liver disease (cirrhosis associated with alcohol abuse, n = 27; chronic hepatitis, n = 12; Wilson disease, n = 4), 25 sera from ulcerative colitis patients, and 70 sera from patients with malignant disease. The diagnosis and number of cancer patients were as follows: colorectal carcinoma (n = 25, metastases in 13), pancreatic carcinoma (n = 15, metastases in 8), lung carcinoma (n = 15, metastases in 8), breast carcinoma (n = 5, metastases in 1), melanoma (n = 4, metastases in 2), sarcoma (n = 4, metastases in 1), lymphoma (n = 2). In the comparative analyses sera were diluted 1:5 in phosphate-buffered saline, pH 7.4, containing 5% porcine serum prior to assay.
MEIA for CEA. Systemic testing of different combinations of the four MAbs-9, 27, 38S1, and 46-showed that the most sensitive assay for CEA was obtained when MAbs 38S1 and 27 were used in combination. These antibodies recognize two different epitopes (Fig. 2 ). MAb 38S1 in the form of unpurified ascitic fluid was coupled to the solid phase. Four-tenths milliliter of ascitic fluid containing approximately 0.5 mg of MAb was used per g of CNBr-activated paper discs (Pharmacia, Uppsala, Sweden). Coupling was performed in 0.1 M NaHCO3 at 40C for 18 hr in rotating (150 rpm) test tubes. Unreactive groups were blocked with 1 M ethanolamine. The enzyme conjugate was prepared by coupling immunoadsorbent-purified MAb 27 to f3-galactosidase from Escherichia coli (type VI, Sigma) via thiol groups as described by Carlsson et aL (11) . Efficient conjugation was obtained with an enzyme-to-MAb ratio of approximately 2.
The MEIA was performed as follows: 100 ,ul of serum (or standard CEA) was added to a test tube containing one MAb 38S1-coated paper disc. Then 50 ,ul of MAb 27-enzyme conjugate (2.0 ,ug/ml in phosphate-buffered saline containing 3% bovine serum albumin, 1% normal mouse serum, and 0.5% Tween 20) was added and the reaction mixture was incubated with shaking (1, (4) . Their reactivity against NCA-2 was now investigated by using ELISA. Microtiter plates were coated with CEA or NCA-2, and the reactivities of different dilutions of the MAbs against the two antigens were compared. MAbs 9 and 27 reacted equally well with CEA and NCA-2, indicating that antigenic sites recognized by these two antibodies-i.e., epitopes A and C (4)-also are present in NCA-2. In contrast, the reactivity of MAbs 38S1 and 46 (both probably recognizing the same epitope, D) against the two antigens was markedly different. The titers against NCA-2 were 1/10 and 1/100 of those against CEA, respectively. Furthermore, MAb 38S1 gave a lower maximal uptake against NCA-2 than against CEA. These findings indicate that the antigenic site in NCA-2 reactive with these antibodies is different from epitope D.
Two-Site MEIA. A sensitive assay was obtained when MAb 38S1 was used on the solid phase and MAb 27 was conjugated to the enzyme (Fig. 1) . The standard curve is shown in Fig. 2 Only at very high CEA concentrations (e.g., >5,000 ,g/liter)
was the "hook-effect" (13) observed. To determine the within-and inter-assay coefficients of variation, 21 sera containing different concentrations of CEA were analyzed in quintuplicate on five different occasions. The sera were diluted 1:5 before assay. At low CEA levels (4 ,ug/liter) the interassay variation was 24.2%; at intermediate levels (24 /Lg/liter) the interassay variation was 12.9%; and at high levels (149 .tg/liter) it was 2.8%. The within-assay variation was only slightly lower than the interassay variation.
The effect of dilution was investigated by assaying 10 serum samples containing different concentrations of CEA in a 2-fold dilution series. The calculated CEA values were found to be independent of dilution in all sera tested. The specificity of the MEIA was analyzed by investigating whether purified CEA-crossreactive substances and various tissue extracts gave uptake curves similar to those of CEA. The results are shown in Fig. 3 *All values calculated relative to CEA (= 1,000 ,ug/mg).
CEA0,,w preparations gave identical uptake curves closely similar to those of CEA. (iii) Purified NCA, BGP I, and, most importantly, NCA-2 did not react in the assay even at 10-50 X 0 times higher concentrations than those giving a significant uptake with CEA. (iv) With the exception of colon extract, perchloric acid or saline extracts of normal tissues were nonreactive even when tested at very high concentrations. (v) Perchloric acid extracts of colorectal, bladder, and prostate carcinoma contained CEA-active material in various concentrations.
The influence of CEA-crossreactive normal tissue components in four commercially available CEA immunoassays, which use conventional antibodies, and one assay that utilizes a combination of monoclonal and polyclonal antibodies were studied. As can be seen from Table 2 , NCA-2 gave almost the same value as CEA (20-100%) in the five assays. The highest degree of CEA specificity was obtained in the assay utilizing two MAbs (e.g., MEIA). Interestingly, less specific assays were obtained when either of these antibodies (38S1 and 27) was used in combination with conventional (spleen-absorbed) anti-CEA antibodies.
Determination of CEA Values in Patients' Sera. Sera from 180 healthy individuals and patients with cancer and other diseases were studied. CEA values were determined with MEIA and in parallel with a conventional RIA (Phadebas CEA PRIST). (22) . On the other hand, two other groups (23, 24) did not obtain increased clinical specificity or sensitivity with assays using MAbs.
